Three catalytic domains of the Escherichia coli carbamoyl-phosphate synthetase (EC 6.3.5.5) have been identified in previous studies. These include the glutamine amide-N transfer domain in the carboxyl-terminal half of the glutaminase component and at least two adenine nucleotide binding sites in the synthetase component. To delineate the domains involved in subunit interactions, we have examined the effects of deletions and point mutations in the glutaminase and synthetase subunits on formation of the af6 holoenzyme. Deletion of the amino-terminal third of the glutaminase subunit abolishes interactions with the synthetase subunit, suggesting that this domain functions to stabilize the complex. Two subunit binding domains have been identified in the synthetase subunit. They are homologous to one another and are located in the amino-terminal and central regions of the synthetase component. These domains are adjacent to regions of the synthetase previously proposed to be involved in ATP binding and, possibly, activation of CO2. The new data enlarge the definition of the structural and functional domains in the two interdependent components of carbamoyl-phosphate synthetase.
In Escherichia coli and most other bacteria, carbamoyl phosphate, an intermediate of arginine and pyrimidine biosynthesis, is synthesized by a single enzyme (1) , glutaminedependent carbamoyl-phosphate synthetase [carbon dioxide: L-glutamine amido-ligase (ADP-forming, carbamate-phosphorylating), EC 6.3.5.5]. Bacterial carbamoyl-phosphate synthetase is composed of two subunits (2, 3) . The smaller subunit, encoded by carA (4) , cleaves glutamine and transfers the resultant NH3 to the larger synthetase subunit for carbamoyl phosphate synthesis (5) . The glutaminase subunit of carbamoyl-phosphate synthetase appears to comprise two evolutionarily distinct domains (6) . The carboxyl-terminal half is homologous to a large number of glutamine amidotransferases (6) (7) (8) and is most likely concerned with the transfer of glutamine amide N to the synthetase subunit. The function of the amino-terminal half of the glutaminase subunit is still conjectural. The structure of the large synthetase subunit, encoded by carB (9) , is also interesting. This protein is composed oftwo homologous halves. Each half has been proposed to contain at least one composite or, possibly, two separate adenine nucleotide binding sites (9, 10) whose precise functions in catalysis and regulation are not known.
As part of a broader study aimed at delineating the structural and functional domains of the glutaminase and synthetase subunits, we have undertaken a mutational analysis of the E. coli carbamoyl-phosphate synthetase. Different regions of each subunit have been deleted, and the mutant proteins have been analyzed for their abilities to form a physical complex. The results of mutational analysis have allowed us to demarcate the regions of the glutaminase and synthetase subunits critical for subunit interactions and for the expression of their respective catalytic functions.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. The mutant and wild-type E. coli strains used are described in Table 1 . Strains were constructed by using Plvir in standard transductional crosses (17) . The carAB mutant L434 was isolated after hydroxylamine mutagenesis (18) of phage grown in E. coli C600 with a TnIO insertion near the wild-type car locus.
Characterization of carAl78 Mutation. Chromosomal DNA from M1178, a spontaneous carA mutant (11) , was digested to completion with a mixture of Dra I and EcoRI. Fragments ranging in size from 4.4 to 2.4 kilobase pairs (kb) were isolated and ligated to the Sca I and EcoRI sites of pBR322. E. coli transformants were screened for the presence of the mutant carA gene by colony hybridization. pSR100 had a 3.2-kb insert with the entire carA gene plus half of carB. The nucleotide sequence ofthe mutant carA gene and part of carB was determined by the method of Maxam and Gilbert (19) . The mutant sequence agreed with the wild type except for a 3-base-pair deletion of nucleotides 55-57 (GCC) in the carA178 coding sequence. The loss of nucleotides 55-57 produced an in-frame deletion of codon 19. This codon specifies Ala-19 of the wild-type protein. The mutant operon with the carA178 deletion was constructed by ligating the 2.6-kb EcoRI-HindIII region of carB to pSR100. The resultant plasmid pFG2 (AcarA 178) complemented C600, an E. coli mutant with a deletion in carB.
Construction of Plasmids with Deletions in carA and carB. Three plasmids, pSR11, pRM14, and pFG5, with deletions in carA were made by transferring different regions from carAB in pMC40 (4, 9) to pUC19 or to the expression vector pKK233-2 (20) . pSR11 (AcarA237l) was constructed by deleting a 408-bp Hae II fragment from the wild-type carA gene. The deletion was verified to result in an in-frame fusion of codon 6 with codon 142. pRM14 (AcarA2372) was made by subcloning a 4.2-kb Cla I fragment of carAB in pKK233-2. The construct pFG3, with only the amino-terminal coding region of carA, was obtained by ligating a 1.1-kb HindIII-Cla I fragment of carAB to the HindIII and Acc I sites of pUC19. The Xba I site of the vector was blunt-ended and religated, forming a translational stop codon. This new construct, pFG4, was further modified by ligating a second insert, carrying carB on a 3.8-kb Bcl I-BamHI fragment (16) , to the BamHI site of pFG4, yielding pFG5 (carA'-2373). pSR11, pRM14, and pFG5 complemented C600 (AcarB8), indicating that all of the constructs expressed an enzymatically active synthetase subunit. The mutant enzymes were expressed in the protease-deficient host L673. L673,with the carASO allele (11), lacks both subunits of carbamoyl-phosphate synthetase.
Three different plasmids, pRM400, pSR21, and pRM13, containing deletions in the carB gene were constructed as follows. pRM400 (carB'-2373) was made by ligating a 4.6-kb 8304 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. HindIII-Sma I fragment of carAB to the corresponding sites of pUC19. The second plasmid pSR21 (carB'-2374) had a 3.6-kb HindIII-EcoRI fragment of carAB ligated to the HindIII and EcoRI sites of pUC19. This plasmid was linearized at the EcoRI site, and the ends were blunted and ligated with a linker containing a translational stop codon and an Xba I site. pRM13 (carB'-2375) was constructed by ligating a 3.9-kb Nco I-HindIII fragment of carAB with the Nco I and HindIII sites of pKK233-2. None of the carB plasmid constructs complemented the deletion in C600. pRM13, which lacks carA, was cloned in the protease-deficient strain L798. This strain with a deletion in carB expresses only the small subunit. pRM400 and pSR21 were expressed in L202 (carA50, recA).
RESULTS
Sedimentation Properties of Carbamoyl-Phosphate Synthetase and of the Glutaminase and Synthetase Components. The ability of mutant forms of the glutaminase and synthetase components to interact with one another was studied by sedimentation analysis. Cell-free extracts were sedimented through sucrose gradients, and the distribution of the subunits was determined by Western blot analysis. The two subunits of the wild-type enzyme sedimented in a single symmetrical peak as an af complex with Mr 163,000 ( Sedimentation properties of carbamoyl-phosphate synthetase. The wild-type E. coli strain P4X was grown in minimal medium to stationary phase. E. coli C600, expressing only the glutaminase subunit, was grown to stationary phase in LB medium.
Cells were lysed by sonic irradiation in 50 mM Tris/HCI, pH 7.6/0.1 M NaCI/1 mM EDTA/0.2 mM phenylmethylsulfonyl fluoride. To the soluble protein fraction (7-10 mg of protein per ml) obtained by centrifugation at 226,000 x g for 10 min, pig heart fumarase was added (40 ,g/ml). Approximately 0.6 ml of the extract was layered on a 4.4-ml linear 6-20% sucrose gradient in 50 mM Tris/HCI, pH 7.6/1 mM EDTA/0.1 M NaCI/0.05% Triton X-100. The gradient was centrifuged in a Spinco SW65Ti rotor at 4°C for 6.5-7 hr at 420,000 x g. Samples (10-15 ul) from each gradient fraction were electrophoresed in 9% polyacrylamide gels (21) and analyzed by the Western technique as described (16) , and the 1251 radioactivity in the excised bands was determined. Molecular weights were calculated (22) glutaminase or synthetase components was also examined. The mutant C600, with almost the entire carB gene deleted (23) , expressed the small glutaminase subunit, which sedimented as a monomer with Mr 45,000, well-separated from the holoenzyme (Fig. 1 C and D (Fig. 2) . The fourth mutant, carA'-2372, is a truncation allele constructed by introducing a termination codon after nucleotide +342 of the gene. Analysis of carbamoyl-phosphate synthetase in extracts of L676, harboring the carAB operon with the AcarA178 mutation on a multicopy plasmid, revealed the deletion of Ala-19 in the glutaminase subunit to markedly decrease its ability to interact with the synthetase component. Both subunits of this mutant sedimented in separate but overlapping peaks (Fig.  3A) . Although there was no evidence of a separate species corresponding to the heterodimer, the overlap of the peaks suggests that the interaction of the two subunits was not totally abolished. Furthermore, L676, a strain containing the mutant gene on a multicopy plasmid, grew on NH3-limited medium (24) , conditions under which carbamoyl phosphate can only be synthesized from glutamine (see Table 2 ). However, M1178, with only one copy of the mutant gene, does not grow on this medium (11) . A complete loss of subunit interactions was incurred when the amino-terminal 112 residues were deleted from the glutaminase component by the AcarA2372 mutation. The glutaminase subunit with the amino-terminal deletion sedimented without overlap with the synthetase (Fig. 3B) . The inability of the two subunits to interact as a result of the deletion was also confirmed by the lack of growth of L678 on NH3-limited medium (see Table 2 ).
The effects of the other two deletions were more difficult to interpret. The AcarA2371 mutation, which fused residue 6 to residue 142 of the glutaminase subunit, caused an instability and proteolytic loss of the protein. The other mutant, L817, contained a plasmid with a truncated carA gene coding for only the amino-terminal 114 residues (Fig. 2) Fig. 2 ) were grown to midlogarithmic phase in minimal medium supplemented with 100 mM NH4CI and in LB broth, respectively. Both strains express wild-type synthetase subunit. Soluble protein extracts were prepared and analyzed by sedimentation through sucrose gradients as in Fig. 1 . Peak of fumarase activity (standard) is shown (v). Molecular weights of the synthetase (A) and mutant glutaminase (A) subunits are indicated. and AcarA2372 mutations. Only trace amounts of the truncated peptide were detected, however. The peak of the truncated polypeptide present in L817 coincided with the peak of the synthetase subunit, suggesting that the small fraction of undegraded protein was present in a complex (data not shown).
Properties of Carbamoyl-Phosphate Synthetase in carB Mutants. Deletions were also introduced in either the amino-or carboxyl-terminal regions of the synthetase component (Fig.  4) . Removal of the carboxyl-terminal 171 residues (carB'-2373) had no apparent effect on the ability of the large subunit to form a stable a/3 complex (Fig. 5A) . The two subunits cosedimented as a symmetrical peak with an estimated Mr of 131,000, close to the predicted value of 140,000. Because the deletion resulted in some instability of the synthetase component, there was an excess of free glutaminase subunit. A point mutation (carB2177) in the chromosome of the mutant L434 resulting in the deletion of =350 residues from the carboxyl terminus also had no effect on assembly of the complex (Fig. SB) half of the synthetase component, greatly reduced its ability to associate with the glutaminase. In this case, the sedimentation properties of the mutant protein were concentrationdependent. At low protein concentrations (0.24 mg banded), the two subunits sedimented in symmetrical bands at Mr 69,000 and 51,000 (data not shown). These values correspond to the unassociated monomers and are distinct from the size (Mr 105,000) of the mutant complex. At higher concentrations, both subunits displayed a bimodal distribution, the protein in the leading shoulder having a Mr of 103,000, indicative of a weak association ofthe two subunits (Fig. SC) .
The lack of any discernible effect of deletions of up to 350 residues from the carboxyl-terminal end of the synthetase subunit on complex formation, and the detection of weak subunit association even when the entire half of the protein was deleted, suggested that the predominant regions responsible for interaction with the glutaminase subunit are located in the amino-terminal half of the synthetase component. This was confirmed by the results obtained with an amino-terminal truncation (carB'-2375). E. coli L800, containing a plasmid with the carB'-2375 allele, expressed a synthetase subunit lacking the amino-terminal 173 residues. The mutant subunit sedimented at a position distinct from the free glutaminase subunit (Fig. 5D ). Approximately 50% of the truncated synthetase component sedimented as a monomer; the rest was present in higher molecular weight aggregates. The lack of association of the truncated synthetase component with the glutaminase subunit implies that the most important contact domain in the synthetase resides in the aminoterminal region. None of the synthetase subunit mutants studied were able to grow on medium containing either limiting or high concentrations of NH' (Table 2) . Therefore, the deletions in the carboxyl-and amino-terminal regions of the synthetase subunit also impair its catalytic activity.
DISCUSSION
Carbamoyl-phosphate synthetase is an example of a multifunctional enzyme composed of a mosaic of domains of diverse evolutionary origins. The bacterial enzyme consists of two subunits, each designed to perform a distinct task (5) . The carboxyl-terminal half of the glutaminase subunit is a module of -180 residues sharing homology with many different amidotransferases (6) (7) (8) . A reasonable inference is that the glutaminase domain is responsible for deriving NH3 from glutamine and channeling it to the synthetase component. No function has been ascribed to the amino-terminal half of the glutaminase subunit.
The synthetase subunit uses NH3 and HCO-in an ATPdependent reaction to form carbamoyl phosphate (5) . This subunit is composed of two homologous halves, which presumably arose as a result of gene duplication (9) . Each half contains at least one composite or two separate adenine nucleotide binding sites (10) . Two segments of the synthetase The protein regions of the glutaminase and synthetase components responsible for heterodimer stability have not been determined. To address this aspect of the molecular organization of carbamoyl-phosphate synthetase, different regions of each subunit were deleted, and the resultant mutant enzymes were analyzed by sucrose gradient centrifugation. The deletions enabled us to locate the boundaries of three distinct domains required for interaction of the two subunits. One domain is located in the amino-terminal region of the glutaminase (Fig. 6) . Removal of residues 2-113 from the glutaminase subunit yields a stable Mr 30,000 product no longer competent in associating with the synthetase. Attempts to define more narrowly the amino acid residues essential for subunit interactions were only marginally successful, due to the instability of the proteins. For example, the deletion of Ala-19 or the removal of residues 7-142 induces a 90% loss of the glutaminase subunit. At present, therefore, the extreme limits of the subunit-contact domain in the glutaminase crucial for entering into a stable complex with the synthetase lie between residues 1 and 113. Our conclusion that this region is sufficient for interaction with the synthetase subunit is also supported by the detection of a complex in a mutant expressing only the first 114 residues of the glutaminase. While these data demonstrate the amino- (10, 25, 26) are shown by the shaded portions of the bar. The overlap in the boundaries of the ATP-CO2 domains and the subunit-contact domains is indicated by darker shading. A 20-kDa domain located at the carboxyl terminus of mammalian carbamoyl-phosphate synthetase I has been reported to be the binding site for the positive effector N-acetylglutamate (27 (27) .
half of the glutaminase subunit to fulfill an important structural function, they by no means exclude the possibility that this large region of the glutaminase serves other functions as well, perhaps related to the overall catalytic mechanism.
The other two domains of subunit interaction are located in the synthetase subunit (Fig. 6) . One has been mapped between residues 1 and 173. This assignment is based on the inability of a mutant synthetase subunit lacking the first 173 residues to form a stable complex with the glutaminase. A second, more central domain exhibiting somewhat weaker subunit interactions is located between residues 578 and 723, based on the results obtained with the two carboxyl-terminal deletion mutations carB'-2374 and carB2177. Both the aminoterminal and central domains are similarly positioned in the two homologous halves of the synthetase component. The two domains overlap with regions of the synthetase involved in adenine nucleotide binding (Fig. 6) . The physical interactions responsible for the af3 structure must involve a number of surface contacts between the two subunits, a subset of which is probably also contributed by residues at or near the active sites of the two subunits. Previous kinetic data on the effects of ATP and HCO3 on the rate of glutamine cleavage and similarly of glutamine on HCO3-dependent ATPase have, in fact, been interpreted to indicate contacts between the active sites of the two subunits (5).
